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SUMMARY 
A n  i nves t iga t ion  w a s  conducted i n  t h e  Langley Transonic Dynamics Tunnel t o  
determine the effects  of ro to r  b l ade  t i p  geometry on t h e  i n t e r a c t i o n  between to r -  
s ional  loads and  performance f o r  an  a r t i cu la t ed  he l i cop te r  ro to r .  Tests were con- 
ducted on four  t ip  geometr ies  a t  advance r a t i o s  of 0.20, 0.30, and 0.35. Geometric 
va r i a t ions  between t ips  cons is ted  of taper ,  sweep, and  anhedral.   Results  indicate 
tha t  fo r  t he  conf igu ra t ions  t e s t ed ,  t he re  is not a s t rong  co r re l a t ion  between blade 
tors iona l  loads  and rotor performance. Alleviation of torque  requirements on t h e  
advancing side of t h e  r o t o r  was found t o  be more important t o  r o t o r  performance than 
reduction of torque requirements on the retreat ing s ide.  Analyses  show t h a t  t h e  
rotor  inf low model used is an important parameter i n  rotor performance prediction. 
Nei ther  r igid-blade sol idi ty  effects ,  inf low environment ,  nor  blade tors ional  loads 
can be used independently to accurately predict  adaptive rotor performance. 
INTRODUCTION 
During high-speed helicopter f l ight,  rotor operating limits e s s e n t i a l l y  r e s u l t  
from unfavorable  spanwise  and  azimuthal  air-load  distributions. AS the  forward  speed 
of t he  he l i cop te r  i nc reases ,  t he  ro to r  d isk  is asymmetrically  loaded  because of d i f -  
ferences in relative velocity encountered around the azimuth by the blades. Blade 
sec t ions  on the advancing side of the  d i sk  may experience compressibi l i ty  effects ,  
and/or blade sections on t h e  r e t r e a t i n g  s i d e  of the  d i sk  may encounter s ta l l  e f f e c t s .  
To increase forward f l ight  eff ic iency while  maintaining hover  eff ic iency,  designers  
have b u i l t  i n  b l a d e  t w i s t ,  used advanced a i r f o i l  s e c t i o n s ,  and  changed s o l i d i t y  t o  
improve ove ra l l  ro to r  a i r - load  d i s t r ibu t ion .  These e f f o r t s  have r e s u l t e d  i n  compro- 
mises that  affect   hover  and  forward  f l ight  performance. For example, t he  l a rge  
amounts of s t a t i c  t w i s t  appl ied for  hover  eff ic iency can resul t  in  l imitat ions on 
forward f l i g h t ,  such as  h igh  f lapwise  s t resses  on b lades  ( re f .  1 ) .  
To avoid fixed-geometry blade restrictions, conformable rotor concepts have been 
considered  ( refs .  1 t o  4 ) .  These passive  rotor   designs,  by a l lowing  the  b lade  to  
adapt  to  an  opera t ing  condi t ion  by means of favorable  dynamic t w i s t ,  would  improve 
performance and reduce vibratory blade loads. One method of provid ing  and  ta i lor ing  
blade dynamic t w i s t  is by changing the blade t ip  geometry ( r e f s .  3 and 4 )  . To be 
e f f e c t i v e ,  t h i s  dynamic t w i s t  should produce a nose-up blade t w i s t  component in  high-  
speed forward fl ight.  This nose-up  dynamic t w i s t  a l lows larger  values  of nose-down 
s t a t i c  t w i s t  t o  be b u i l t  i n t o  t h e  b l a d e  t o  improve  hover e f f ic iency .  Reducing t h e  
nose-down t w i s t  i n  fo rward  f l i gh t  might  lessen compressibi l i ty  effects  on t h e  advanc- 
ing  s ide  ( J ,  = 90°) of t h e  r o t o r  as w e l l  as reduce the blade flapwise stresses. ,How- 
ever,  nose-down t w i s t  should not be reduced t o  a l e v e l  t h a t  would i n t r o d u c e  s t a l l  
e f f e c t s  on t h e  r e t r e a t i n g  s i d e  ( J ,  = 270O)  of the  ro to r .  
An i nves t iga t ion  w a s  conducted t o  determine the degree of c o r r e l a t i o n  between 
rotor performance and the dynamic t w i s t  generated by changing blade t i p  geometry. 
Blade torsional loads were  used a s  an ind ica t ion  of blade dynamic t w i s t .  Data f o r  
t h i s  i n v e s t i g a t i o n  were obtained from a test  conducted i n  t h e  Langley Transonic 
Dynamics Tunnel on a 1/6-scale model he l i cop te r  rotor with four t ip geometries.  
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Results of a rigid-blade analysis were correlated with experimental  results in an 
a t t empt  to  i so l a t e  t he  e f f ec t s  of t h e  aerodynamic environment and blade aeroelastic 
proper t ies  on ro to r  performance. 
SYMBOLS 
The pos i t ive  d i rec t ions  of forces  and angles are shown i n  f igure  1. 
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APPARATUS AND PROCEDURES 
Wind Tunnel 
The experimental program was conducted i n  t h e  Langley Transonic Dynamics Tunnel 
(TDT) shown i n  f i g u r e  2. The TDT is a continuous flow tunnel with a s l o t t e d  tes t  
sec t ion  and is capable of operat ion up t o  Mach 1.2 a t  s tagnat ion  pressures  up t o  
1 atm (101 kPa). The tunnel  test  sec t ion  is 4.9 m square with cropped corners and 
has a cross-sect ional  area of 23 m . Ei the r  a i r  o r  Freon-1 2l may be used as a test  
medium i n  t h e  TDT. Because of i ts  high density and low speed of  sound, the  use  of 
Freon-12 aids the matching of f u l l - s c a l e  Reynolds number and Mach number t o  model- 
scale  values.  Also, some r e s t r i c t i o n s  on model s t ruc tura l  des ign  a re  eased ,  whi le  
dynamic s i m i l a r i t y  is still maintained. The heavier  test medium permits a s impl i f i ed  
s t r u c t u r a l  d e s i g n  t o  o b t a i n  t h e  r e q u i r e d  s t i f f n e s s  c h a r a c t e r i s t i c s  and thus  eases  
the  design  and/or  fabrication  requirements of t he  model ( r e f .  5 ) .  For t h i s  i n v e s t i -  
gat ion,  Freon-12 a t  a nominal dens i ty  of 3.09 kg/m3  was used  a s  the  t e s t  medium. 
2 
Model Description 
The ro to r  model u sed  in  th i s  i nves t iga t ion  was a 1/6-scale,  four-blade art icu- 
la ted rotor  with coincident  lead-lag,  and flapping hinges.  The blade geometry  and 
bu i l t - i n  t w i s t  d i s t r i b u t i o n  a r e  shown i n  f i g u r e  3 .  The blades were designed so  t h a t  
t ip  conf igura t ion  could  be  changed a t  t h e  91 percent  rad ius .  In  addi t ion  to  the  
b a s e l i n e  t i p ,  t h r e e  o t h e r  t i p s  ( f i g .  4 )  were s tud ied  which d i f f e red  from the  base l ine  
t i p  i n  sweep angle ,  t aper  ra t io ,  and  anhedral.  These t i p s  a r e  denoted as swept, 
tapered  with  and  without  anhedral,  and  double  swept  with  anhedral.  Incorporation  of 
sweep angle  in  the  t i p  geometries provides an o f f s e t  of t h e  t i p  aerodynamic center 
with respect  to  the inboard-blade elast ic  axis .  Anhedral i s  used in an attempt t o  
inc rease  the  ve r t i ca l  s epa ra t ion  between a blade and the t ip vortex shed by preceding 
b lades   ( re f .   6 ) .  The blades  geometrically  represented a c u r r e n t  f u l l - s c a l e  u t i l i t y -  
c l a s s  r o t o r  system. The blades w e r e  a l so  aeroe las t ica l ly  sca led ,  bu t  b lade  dynamic 
cha rac t e r i s t i c s  d id  no t  p rec i se ly  r ep resen t  any spec i f i c  fu l l - s ca l e  ro to r .  The blade 
phys ica l  p roper t ies ,  which are the  same as those of the blades of reference 6, a r e  
p re sen ted  in  t ab le  I. A n  SC 1095 a i r f o i l  was used on the blades from the  root  cu tout  
t o  51 percent  radius  and  from 84 pe rcen t  r ad ius  to  the  t ip.  Between 51 and 84 per- 
cent  radius ,  a cambered SC 1095" a i r f o i l  w a s  used. One blade was instrumented with 
four-arm strain-gage bridges to measure loads a t  s eve ra l  b l ade  r ad ia l  s t a t ions .  
Flapwise (out-of-plane) moments and chordwise (in-plane) moments were measured a t  22,  
4 0 ,  60,  and 80 percent  radius ,  while  tors ional  moments were measured a t  23, 41,  and 
81 percent  radius .  
The blades were t e s t e d  on the aeroelast ic  rotor  experimental  system (ARES)  shown 
i n  f i g u r e s  5 and 6. The ARES has a general ized hel icopter  fuselage shape enclosing 
'Freon: Registered  trademark of E. I. du Pont  de Nemours & Co., Inc. 
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t h e  r o t o r  c o n t r o l s  and  drive  system. It is powered by a variable frequency synchro- 
nous  motor r a t e d  a t  35-kW output a t  12 000 rpm.  The motor i s  connected t o  t h e  rotor 
s h a f t  through a belt-driven  two-stage  speed  reduction  system. The ARES ro tor  cont ro l  
system and p i t c h  a t t i t u d e  (a,) are remotely controlled from within the wind-tunnel 
con t ro l  room. The ARES p i t c h  a t t i t u d e  is var ied  by an e l e c t r i c a l l y  c o n t r o l l e d  
hydraul ic  ac tua tor .  Blade  co l lec t ive  p i tch  and  la te ra l  and  longi tudina l  cyc l ic  p i tch  
a re  input  to  the  ro tor  th rough the  swashpla te .  The swashplate is moved by t h ree  
hydraul ic  ac tua tors .  
Instrumentation on the  ARES allows continuous displays of model cont ro l  set- 
t i ngs ,  ro to r  fo rces  and moments, blade loads,  and pi tch l ink loads.  ARES p i t c h  a t t i -  
tude is measured by an accelerometer,  and ro tor  cont ro l  pos i t ions  a re  measured by 
l inear potentiometers connected to the swashplate.  Rotor blade flapping and lagging 
a r e  measured by rotary potent iometers  mounted on t h e  r o t o r  hub and geared t o  t h e  
blade  cuff.  Rotor  shaft  speed is determined by a magnetic  sensor. The r o t a t i n g  
blade data  are  t ransferred through a 30-channel s l i p - r i n g  assembly.  Rotor  forces  and 
moments a r e  measured by a six-component strain-gage balance mounted  below the pylon 
and drive system. The balance is f ixed  wi th  respec t  to  the  ro tor  shaf t  and p i tches  
with the fuselage.  Fuselage forces and moments are  not  sensed by the balance. 
Test Procedure 
A t  each t e s t  po in t ,  t he  ro to r  ro t a t iona l  speed  and tunnel conditions were 
ad jus ted  t o  give the desired values  of advancing t i p  Mach number and advance r a t i o .  
The model was then  p i t ched  to  the  des i r ed  sha f t  ang le  of a t t ack .  Blade c o l l e c t i v e  
p i t c h  w a s  changed t o  o b t a i n  a v a r i a t i o n  i n  r o t o r  l i f t ;  and a t  each  co l lec t ive  p i tch  
se t t i ng ,  t he  cyc l i c  p i t ch  was used t o  remove rotor  f i rs t -harmonic f lapping with 
r e s p e c t  t o  t h e  r o t o r  s h a f t .  Data were then  recorded a t  each  value of co l l ec t ive  
p i tch .  The  maximum value of co l l ec t ive  p i t ch  a t t a ined  a t  each  sha f t  ang le  of a t t a c k  
w a s  determined i n  most cases by ei ther  blade load limits o r  ARES drive system limits. 
Rotor aerodynamic performance and blade loads were measured a t  advance r a t i o s  of 
0 .20 ,  0.30, and  0.35 for  shaf t  angles  of a t tack  from - 2 O  t o  - 1 2 O  and a r o t a t i o n a l  t i p  
Mach number ('&/a) of 0.61. 
Model deadweight t a r e s  were determined throughout the shaft angle-of-attack 
range with the blades on and  with them removed. Aerodynamic r o t o r  hub t a r e s  were 
determined with the blades removed throughout the ranges of shaf t  angle  of a t tack  and 
advance r a t io  inves t iga t ed .  Both deadweight  and hub aerodynamic t a r e s  have  been 
removed from the data  presented herein.  
PmSENTATION OF RFSULTS 
The r e s u l t s  i n  t h i s  r e p o r t  a r e  p r e s e n t e d  i n  t h e  f i g u r e s  a s  f o l l o w s :  
Figure 
Base l ine  t i p  .................................................................... 7 
Swept, t a p e r e d  t i p  .............................................................. 8 
Swept, t apered  t ip  wi th  anhedra l  ................................................ 9 
Basic rotor experimental data: 
Double-swept t i p  with anhedral .................................................. 10 
Experimental  rotor  performance ................................................... 11 
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Figure 
Torsional  moment a t  r / R  = 0.81 (az imutha l   d i s t r ibu t ion)  ...................... 12 
Mean t o r s i o n a l  moment (spanwise  dis t r ibut ion)  .................................. 13 
Measured ro tor  to rs iona l  loads :  
Calcu la ted  angle-of -a t tack  d is t r ibu t ions  for  base l ine  t ip  ........................ 14 
Calculated rotor performance: 
Uniform inflow ..................................................... 1 5 ( a )  t o  1 5 ( c )  
Nonuniform inflow .................................................. 15(d)  t o  1 5 ( f )  
Based on approximately 160 repea ted  da ta  poin ts ,  the  repea tab i l i ty  of the  da ta  
for  cons tan t  shaf t  angle  of a t t ack  and advance r a t io  has  been est imated to  be within 
the fol lowing limits: 
c,/a f 0.00200 
C,/a f 0.00040 
cQ/a f 0.00025 
The value of a used  throughout  this  report   for  normalizing  performance  coefficients 
is 0.084, based on a blade nominal equivalent chord of 9.05 c m  and a radius  of 
137.16 cm. 
DISCUSSION OF RESULTS 
As mentioned in  the Introduct ion,  the rotor  operat ing environment  should be 
improved by reducing nose-down t w i s t  on the advancing side of the  ro tor  d i sk  in  for -  
ward f l igh t  whi le  no t  in t roducing  s t a l l  on the  r e t r ea t ing  s ide  of the disk.  To 
e n s u r e  t h a t  s t a l l  i s  not introduced on the  re t rea t ing  s ide ,  increased  nose-down t w i s t  
can be applied.  To assess  the  cor re la t ion  between  measured blade torsional loads and 
rotor  performance for  each t ip  configurat ion,  the cr i ter ion of reduced nose-down 
dynamic t w i s t  a t  + = 90° (advancing  side) and increased nose-down dynamic t w i s t  a t  
(I, = 270° ( r e t r e a t i n g  s i d e )  is used in  the fol lowing data  discussion.  
Experimental Results 
Rotor performance.- The basic  performance data  for  the four  rotor  configurat ions 
t e s t e d  are p resen ted   i n   f i gu res  7 t o  10 a s   va r i a t ions  of CL/o  with  both CD/o and 
C /a f o r  advance ratios p of 0.20, 0.30, and 0.35. To f a c i l i t a t e  comparisons 
between the  four  ro tor  conf igura t ions ,  c ross  p lo ts  of t he  data i n  f igu res  7 t o  10 are 
presented i n  f i g u r e  11 as the   var ia t ions   o f  CD/o with C /a f o r   d i f f e r e n t   v a l u e s  
Q 
of c,/a. Q 
Comparison, where poss ib le ,  between performance data  presented herein and data  
of reference 6 (not  shown i n  t h e  f i g u r e s )  i n d i c a t e s  a difference in  the performance 
trends with advance ra t io  between t h e  b a s e l i n e  t i p  and t h e  swept, tapered t i p  with 
anhedral.  This  occurs  only a t  law advance r a t io s .   D i f f e rences   i n  hub configurat ions 
and  the  r e su l t i ng  t a r e s  used  in  r e fe rence  6 fo r  de f in ing  ro to r  t a sk  and r e s u l t i n g  
ro tor  angles  may account for these performance trend differences,  which do no t  a f f ec t  
the conclusions of t h i s  r e p o r t .  A t  t he  h ighes t  advance r a t i o ,  t h e  t w o  data  sets 
agree in  performance t rends for  these two t ip  conf igu ra t ions .  
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Rotor t o r s i o n a l  loads.- Torsional moment da ta  a t  r / R  = 0.81 f o r  each  rotor t i p  
configurat ion as a funct ion of r o t o r  azimuth are shown i n  f i g u r e  12 f o r  s e l e c t e d  
values of C / a  and as a t  each test advance r a t io .  These se lec ted   condi t ions   a re  
representa t ive  of ful l -scale  rotor  force requirements  a t  t h e  advance r a t i o s  i n d i -  
cated. Although not presented, an analysis of t he  moment data  for  each rotor config- 
u ra t ion  ind ica t ed  tha t  t he  moment t rends  were essent ia l ly  independent  of shaf t  angle  
of a t t ack  fo r  t he  rotor t a sks  of f igu re  12. The waveforms p resen ted  in  f igu re  12 are 
formed from t h e  f i r s t  e i g h t  harmonics of a Four ie r  ana lys i s  of the s t ra in-gage 
s igna l .  As shown, the  harmonic content of these  waveforms is  configurat ion depen- 
dent.  Because  the  strain-gage  location a t  r / R  = 0.81 w a s  far thest   outboard,   the  
t o r s i o n a l  moment a t  t h a t  s t a t i o n  was considered to  be the most i n d i c a t i v e  of the  t i p  
con t r ibu t ion  to  b l ade  dynamic t w i s t .  The azimuthal  var ia t ions of t h e  t o r s i o n a l  
moment a t  r / R  = 0.23 and 0.41  show t r e n d s  s i m i l a r  t o  t h e  d a t a  a t  r / R  = 0.81. 
L 
The r a d i a l  d i s t r i b u t i o n  of mean t o r s i o n a l  moment measured f o r  each rotor t i p  
configurat ion is shown i n  f i g u r e  13 f o r  t h e  same r o t o r  t a s k s  as i n  f i g u r e  12. The 
mean t o r s i o n a l  moment a t  r / R  = 0.81  was used as an indicat ion of t he  mean dynamic 
t w i s t  provided by each t ip  conf igura t ion  for  the  g iven  ro tor  task .  
The o s c i l l a t o r y  (7 peak to  peak)  and mean t o r s i o n a l  moment data contained herein 1 
agree with those of reference 6 i n  terms of conf igura t ion  t rends  for  t i p  shapes i n  
common between the  tests. 
Corre la t ion  of blade tors ional  loads and rotor performance.- The co r re l a t ion  of 
blade torsional loads and rotor performance is shown i n  t a b l e  I1 f o r  t h e  same nominal 
r o t o r  t a s k s  p r e s e n t e d  i n  f i g u r e s  12 and 13. I n  t a b l e  11, performance  results are 
ranked in   o rde r  of i nc reas ing  CQ/a. The measured tors iona l   loads  a t  (I, = 90° and 
J, = 270° are ranked in order of decreasing adherence t o  t h e  f o l l o w i n g  t o r s i o n a l  
l oads  c r i t e r i a :  a t  (I, = 90° ,  the  configuration  producing  the most  nose-up t o r s i o n a l  
moment is ranked f i r s t ;  w h i l e  a t  (I, = 270°, the configuration producing the most 
nose-down t o r s i o n a l  moment is ranked f i r s t .  A c o r r e l a t i o n  is shown between tor -  
s iona l  moment and  performance  only a t  the  lowes t  advance  ra t io ,  p = 0.20, and  only 
f o r  (I, = 90° .  Increas ing  the  nose-down t w i s t  on t h e  r e t r e a t i n g  s i d e  of the disk 
( (I, = 270° ) did not correlate with performance improvements. 
Also shown i n  t a b l e  I1 is the degree of co r re l a t ion  between  measured mean tor -  
s ional  load and  forward f l i g h t  performance.  In  table 11, t h e  t i p  producing  the most 
nose-up mean t o r s i o n a l  moment is ranked f i r s t ,  and t h e  t i p  producing the least nose- 
up  mean t o r s i o n a l  moment is ranked last. Presentat ion of t he  mean t o r s i o n a l  moment 
i n  t h i s  manner shows correlation with rotor performance a t  p = 0.20 and 0.35, 
bu t  no t  a t  p = 0.30. 
Several  explanat ions can be o f f e red  fo r  t he  r e su l t s  i nd ica t ed  in  t ab le  11. The 
success of a passive conformable rotor depends on many aeroelast ic  parameters  and 
the i r  in te rac t ions .  Reference  4 sugges ts  tha t  a swept t i p  could be used t o  produce 
dynamic nose-up t w i s t  on the advancing blade if a n e g a t i v e  l i f t  is  produced on t h e  
t ip .  I f  the negat ive angle  of a t t ack  on the advancing side of t he  ro to r  d i s k  is not 
of the  magnitude predic ted  by the uniform inflow analysis of reference 4, then the 
load on t h e  t i p  may not be su f f i c i en t  t o  un twis t  t he  b l ade .  In  f ac t ,  t he  nega t ive  
angles of a t t ack  on the advancing side of the disk may not  be  of a magnitude to  cause  
significant  performance  problems. Also, r e l i e f  of the  high  angles of attack  pre- 
d ic ted  on t h e  r e t r e a t i n g  s i d e  of the disk by uniform inf low analysis  ( ref .  4 )  may no t  
be a strong  requirement  for  forward  flight  performance  improvements.  This  can be 
shown by cons ider ing  the  cor re la t ion  between the  mean torsional loads and performance 
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p r e s e n t e d  i n  t a b l e  11. The co r re l a t ion  between t h e  mean tors iona l  loads  and per- 
formance is good when nose-up mean tors iona l  loads  are considered as t h e  c r i t e r i o n  
f o r  improved  performance.  Ranking  of t he  mean t o r s i o n a l  moments in  the  oppos i te  
manner i n  t a b l e  11, i.e., least nose-up moment t o  most nose-up moment, would not show 
good cor re la t ion  wi th  rotor performance a t  any of t h e  t h r e e  test advance r a t i o s ;  
t h u s ,  a l l e v i a t i o n  of re t reat ing-side torque requirements  is secondary for performance 
improvements f o r  t h e s e  test conditions.  
Analy t ica l  Resul t s  
Because of t h e  r e s u l t s  of the  prev ious  sec t ion ,  the  au thors  fe l t  tha t  p red ic t ion  
of the performance of a passively conformable rotor and, ultimately, i ts design char- 
acteristics depend, t o  a la rge  ex ten t ,  on the inflow and result ing angle-of-attack 
environment  experienced by the  ro to r .  For th i s  reason ,  the  dec is ion  w a s  made t o  
analyt ical ly  s tudy the effect  that  both uniform and nonuniform inf low models might 
have on t h e  c o r r e l a t i o n  between measured ro to r  t o r s iona l  l oads  and performance. 
Rotor performance characterist ics and azimuthal  dis t r ibut ions of rotor-blade- 
sec t ion  angle  of a t t ack  were calculated with a computer program using a s t r ip- theory 
implementation of the  equat ions  presented  in  re ference  7. In  the  ana lys i s ,  the  b lade  
was assumed t o  be r ig id  wi th  p i t ch  and flap degrees of freedom but no lag degree of 
freedom. The r o t o r  a i r f o i l  s e c t i o n  c h a r a c t e r i s t i c s  u s e d  were obtained from re fe r -  
ence 8. Changes i n  s e c t i o n  aerodynamic coef f ic ien ts  wi th  angle  of a t tack  and Mach 
number were inc luded  in  the  ana lys i s .  All ca lcu la t ions  were made by using both a 
uniform inflow model and the  nonuniform  inflow model from reference 9. Reference 9 
considers a ro to r  l oad  d i s t r ibu t ion  which closely resembles  that  of a t yp ica l  ro to r  
and obtains an exact  solut ion for  the induced veloci ty  a t  any poin t  on the  ro tor .  
This model was largely confirmed by reference 10. 
Angle-of-attack distributions.- The calculated angle  of a t t ack  of the basel ine 
blade t i p  (0.90 < r / R  < 1 . 0 )  a s  a funct ion of rotor azimuth is  presented i n  f i g -  
u re  14 f o r  p = 0.20 ,  0.30, and 0.35 €or   the  same r o t o r  t a s k s  a s  i n  f i g u r e  12. 
The d i f fe ren t  angles  of a t t ack  in  the  t i p  r eg ion  p red ic t ed  by the  two inflow 
models  would y i e l d  d i f f e r e n t  t i p  l i f t  d i s t r i b u t i o n s  and thus different  rotor  perfor-  
mance,and  blade t i p  tors ional  responses .  The angles of a t t ack  on the  advancing 
s ide  of the  ro tor  d i sk  pred ic ted  by the uniform inflow model may not be s u f f i c i e n t l y  
negat ive t o  cause a swept t i p  b l ade  of t o r s i o n a l  s t i f f n e s s  t e s t e d  h e r e i n  t o  be 
twisted nose-up by t he  amount suggested for improved  performance in  r e fe rence  4. The 
angles  of a t t ack  on the advancing s ide predicted by t h e  nonuniform inflow model a r e  
general ly  more pos i t ive  than  those  pred ic ted  by the uniform inflow model and ind ica t e  
tha t  u se  of an  aft-swept t i p  could actual ly  increase blade nose-down t w i s t .  N o t e  
t h a t  t h e  t o r s i o n a l  moment da t a  p re sen ted  in  f igu re  12 are cons i s t en t  w i th  th i s  con- 
clusion and do ind ica t e  a p o s i t i v e  l i f t  a c t i n g  on t h e  t i p ,  because the majority of 
t h e  measured tors iona l   loads  a t  + = 90° a r e  nose-down. 
Performance.- The calculated rotor performance is p resen ted  in  f igu re  15 f o r  t h e  
b a s e l i n e  t i p  and the swept ,  tapered t ip  for  advance ratios of 0.20, 0.30, and 0.35. 
The baseline and swept, tapered t i p  configurat ions w e r e  chosen f o r  t h i s  a n a l y t i c a l  
comparison  because  of t h e i r  d i f f e r i n g  a r e a  s o l i d i t i e s ,  0.0843 and 0.0829, respec- 
t i ve ly .  Th i s  so l id i ty  d i f f e rence  is, of course, due s o l e l y  t o  changes i n  t i p  plan- 
form. The higher  t i p  loading  in  a nonuniform inflow environment should result i n  
d i f fe ren t  to rque  requi rements  for  var ious  t i p  planforms, whereas the uniform inflow 
analysis should not show as much evidence of t i p  s o l i d i t y  changes. 
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Comparison of ana ly t i ca l  r e su l t s  ( f ig .  15 )  w i th  expe r imen ta l  r e su l t s  ( f ig .  11 )  
shows that  the uniform inf low analysis  ( f igs .  15(a)  t o  15(c) )  pred ic t s  conf igura-  
t i o n  performance trends similar t o  those observed experimentally only for p = 0.20. 
For p = 0.30, t h e  a n a l y s i s  is marginal  in  predict ing the experimental  data  t rends,  
and f o r  p = 0.35, the  uni form inf low ana lys is  fa i l s  t o  predict  performance trends 
observed experimentally. The uniform  inflow model cons is ten t ly  underpredic t s  the  
magnitude  of r o t o r  CQ/O f o r  p = 0.20. As advance ra t io  increases  t o  0.30 and 
0.35, t h e  c o r r e l a t i o n  between the uniform inflow theory and the magnitude of t he  
experimental  results improves,  but this improvement is mainly a t  CL/o = 0.04 
and 0.06. 
The nonuniform inflow analysis predicts performance trends between t i p  configu- 
r a t i o n s   ( f i g s .   1 5 ( d )   t o   1 5 ( f ) )  which f o r  p = 0.20 and p = 0.35 a r e   c l o s e  t o  those 
shown by the  wind-tunnel  data  in  f igure 11. For p = 0.30, t h e  nonuniform  inflow 
a n a l y s i s  f a i l s  t o  p r e d i c t  t h e  performance  trends between c o n f i g u r a t i o n s  ( f i g .  l l ( b ) ) .  
The nonuniform inflow model shows good c o r r e l a t i o n  between theory and test  a t  
p = 0.20 f o r  CL/o = 0.06 and 0.08 with  regard t o  t h e  magnitude  of ro to r  CQ/o.  
As advance ra t io   increases ,   the   degree  of CQ/o magnitude co r re l a t ion  is somewhat 
diminished but remains reasonable for C,/o = 0.04 and 0.06. 
Both the  t rends  and the  magnitudes of the experimental  rotor performance have 
been shown t o  be be t t e r  p red ic t ed  by the nonuniform inflow analysis than by the  
uniform  inflow  analysis.  Because  the  nonuniform  inflow  analysis  emphasizes t i p  load 
more than does the uniform inflow analysis, the predicted blade-section angles of 
a t t ack  p resen ted  in  f igu re  14 fo r  t he  nonuniform inflow analysis would appear t o  be 
representa t ive  of ac tua l  sec t ion  angles  of a t tack .  A l s o  note  tha t  the  r ig id-b lade  
nonuniform inflow analysis failed to predict  the performance trends of t he  se l ec t ed  
ro tor  conf igura t ions  a t  a condi t ion ( p  = 0.30) f o r  which the wind-tunnel data also 
show little c o r r e l a t i o n  between b lade  tors iona l  loads and rotor performance. 
The predic t ion  of performance trends between t i p  configurat ions discussed above 
is summarized i n  t a b l e  111. From t a b l e  I11 it appears  tha t  ne i ther  r ig id-b lade  
so l id i ty  e f f ec t s ,  i n f low env i ronmen t ,  no r  ae roe la s t i c  t a i lo r ing  cri teria can alone be 
used t o  t o t a l l y  p r e d i c t  performance  trends  found  experimentally. However, a nonuni- 
form inf low ana lys is  incorpora t ing  so l id i ty  e f fec ts  on a r ig id  b l ade  appea r s  t o  be 
t h e  most successful in predicting rotor performance trends over the ranges of param- 
e t e r s  i n v e s t i g a t e d  i n  t h i s  s t u d y .  
8 
CONCLUSIONS 
An inves t iga t ion  has  been conducted i n  t h e  Langley Transonic Dynamics Tunnel t o  
determine the degree of co r re l a t ion  between rotor performance and the dynamic t w i s t  
generated by changes i n  b l a d e  t i p  geometry.  Experimental  studies were conducted  on 
an  a r t i cu la t ed  ro to r  w i th  fou r  d i f f e ren t  t i p  geometries a t  advance r a t i o s  of 0.20, 
0.30,  and 0.35. C a l c u l a t e d  r e s u l t s  f o r  s e l e c t e d  t e s t  c o n f i g u r a t i o n s  have  been pre- 
sen ted  and  compared wi th  the  exper imenta l  resu l t s .  ca lcu la ted  resu l t s  were obtained 
by using uniform and nonuniform inflaw models. Based on the data  obtained,  and for  
t h e  test condi t ions and model configurat ions invest igated,  the fol lowing conclusions 
have been reached: 
1. There does not appear t o  be a s t rong  co r re l a t ion  between b lade  tors iona l  
loads and rotor performance prediction. 
2. For a g iven  ro to r  t a sk  a t  each  advance ratio investigated,  both the azimuthal 
va r i a t ion  of t o r s i o n a l  moment and the  mean t o r s i o n a l  moment a t  81 percent  
rad ius  are configuration dependent. 
3. Reducing t h e  nose-down t w i s t  on the advancing blade appears to be more impor- 
tant  to  forward f l ight  performance than increasing the nose-down t w i s t  on 
the  r e t r ea t ing  b l ade .  
4. The rotor inflow model used is  an important parameter in analytically pre- 
dicting the performance of an adapt ive rotor .  
5. Neither rigid-blade solidity effects,  inflow environment,  nor blade torsional 
loads can be used alone to  accurately predict  adapt ive rotor  performance.  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
September  28, 1981 
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TABLE 1.- MODEL ROTOR BLADE PROPERTIES 
( a )  S t ruc tu ra l  p rope r t i e s  
.. - 
Inboard s t a t i o n  
of segment, 
r / R  
0.127 
.164 
.184 
a.230 
a.410 
508 
-688 
a.810 
e 838 
.887 
.907 
.938 
.992 
Segment 
length,  
m 
0.051 
.027 
446 
.247 
.206 
.067 
.028 
042 
.075 
.009 
" 
L 
Mass, 
kg 
0.083 . 0 24 
.475 
.254 
.232 
.080 
.015 
.029 
.028 
.004 
S t r u c t u r a l  s t i f f n e s s ,  N-m 2 
Zhordwise 
461 1 
3366 
1813 
1813 
1813 
1813 
2847 
1813 
1074 
40 
Flapwise 
174.1 
107.4 
57.1 
57.1 
57.1 
57.1 
89.5 
57.1 
33.4 
1.8 
~~~ ~~ 
Torsional 
168.7 
122.5 
66.0 
66.0 
66.0 
66.0 
103.6 
66.0 
38.7 
7.1 
Radius of 
gyration of 
spar ,  m 
0.000155 
.000155 
.ooo  155 
.000155 
.OOO 155 
.OOO 155 
.OOO 155 
000 155 
.000155 
.OOO 155 
aBlade s t a t ions  in s t rumen ted  fo r  t o r s iona l  moment. 
( b )  Model ro tor  b lade  ro ta t ing  na tura l  f requencies  
I Mode i d e n t i t y  I 
1.04 
3.67 
6.24 
8.91 
11.00 
Flapwise 
Flapwise 
Flapwise 
Chordwise 
Torsional 
Kel I 
de g/N-m 
0 e269 
e213 
.472 
1 1  
I "" 
TABLE 11.- CORRELATION OF ROTOR PERFORMANCE WITH TORSIONZ4L LOADS FOR CL/a = 0.08 
i n  table  indicate  ranking of each configurat ion with respect  to  
performance  (lowest C /a ranked f i r s t ) ,   t o r s i o n a l   l o a d   a t  3, = 90° 
(most  nose-up moment ranked f i r s t ) ,  t o r s i o n a l  l o a d  a t  J, = 270° (most 
nose-down moment ranked f i r s t ) ,  and mean torsional load (most nose-up 
Q 1 moment ranked f i rs t )  
1Tip configuration 
Double-swept with anhedral 
Baseline 
Swept, tapered 
Swept, tapered w i t h  anhedral 
p = 0.20, = -40 
Rank with respect  to  - 
Loads 
Performance 
+ = 90° Mean 3, = 2700 
~~ ~ 
1 
4 2 4 4 
3 1 2 3 
2 3 3 2 
1 4 1 
~ ~ 
~~ 
(b) p = 0.30, as = -40 
Tip configuration 
I Rank w i t h  r e spec t   t o - 
Performance 
Baseline 
Swept, tapered 
Swept, tapered with anhedral 
Double-swept with anhedral 
( c )  p = 0.35, as = - 6 O  
Loads 
3, = 90° Mean 3, = 2700 
3 4 
4 
2 2 1 
3 
1 3 2 
4 1 
~~ 
I Rank with respect  to  - 
Tip configuration Loads 
Performance 
4 = 90° 3, = 2700 
Double-swept w i t h  anhedral 
1 4 4 Swept, tapered wi th  anhedral 
2 1 3 Swept, tapered 
4 3 2 Baseline 
3 2 1 
Mean 
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TABLE 111.- PERFORMANCE PREDICTION FOR BASELINE AND SWEPT-TAPERED TIPS 
Rigid-blade, 
s o l i d i t y  e f f e c t s ,  
uniform inflow 
F a i l s  t o  p r e d i c t  
F a i l s  t o  p r e d i c t  
Rigid-blade, 
s o l i d i t y  e f f e c t s ,  
nonuniform inflow 
Predic t s  
F a i l s  t o  p r e d i c t  
Predic t s  
1 Aeroe la s t i c   a i l o r ing  
( r e f .  41, 
torsional load/performance 
co r re l a t ion  
P red ic t s  
F a i l s  t o  p r e d i c t  
F a i l s  t o  p r e d i c t  
13 
L 
= 180° 
I /  
D 
P R 
Figure 1.- Notation showing posit ive direction of forces,  angles,  and ve loc i t ies .  
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A- REMOTELY ADJUSTABLE VANES FAN BLADES(47)7 
Figure 2.- Langley  Transonic Dynamics Tunnel. 
\ 
- 
0 10 
SCALE, m 
Figure 2. - Concluded. 
r Center  of r o t a t i o n  I f F l a p p i n g   a x i s  
-17: 4 5 4  
+SC  1095 a i r f o i l  
" - 4 5 . 2 6 3  -62.33 
SC 1095-R8 a i r f o i l  
f Tip Joint 
R8 b l e n d 4  I-. 95 R 8  b l e n d 4  
\ k . 9 5  
." -~ ~ 
9.05 9.14 
~~ 
\ 137.16 ~~~~~ ~~ 
Dimensions are g i v e n  i n  c e n t i m e t e r s  
0 .20  .40  .60 
r / R  
.80 1.0 
Figure 3.-  Rotor blade geometry. 
17 
7 
1 
9.01 
Base l ine  t i p  
I 
9.05 
l L 2 oo 5.34 I 
6.8?+5.4g-4 L 
1. 
Double-swept t i p  
with arhedral 
Swept, tapered tip with and 
without anhedral 
( a )  Tip  planforms.  Linear  dimensions  are  given in  centimeters .  
Figure 4.- Tip  geometry. 
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-1 
-2 
-4 
Baseline ""_ Swept, tapered (with and without anhedral)  
- -- Double-swept with  anhedral 
- 
'0 .92  .94  .96 -98  1.0 
(b)  Tip t w i s t  d i s t r ibu t ion  (pos i t ive  nose-up) .  
Figure 4.- Concluded. 
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h) 
0 
L-80- 1238 
Figure 5.- ARES i n  TDT. 
L 
I 
I 
2 7 
Balance 
1 cent ro id  
1.92 I 
I 1.84 
Figure 6.- Schematic diagram of aeroelast ic  rotor  experimental  System. 
All dimensions are given i n  meters. 
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( a )  cL/o versus cD/a a t  p = 0.20. 
Figure 7. -  Basic rotor experimental  data for  base l ine  t ip .  
22 
-12 
- 0 8  
.06 
.04 
- 0 2  
0 
I I I I 1 
- 0 0 2  .004 .006 .008 -010 
(b) CL/a versus C Q a t  p = 0.20 .  
Figure 7.-  Continued. 
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.04 
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(c) CL/o versus C d o  at p = 0.30. 
Figure 7 . -  Continued. 
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.10 
- 0 8  
.06 
.04 
. 02  
a deg 
0 7 4  
0 -6 
S t  
-8 
tl -10 
0 .002 .004 - 0 0 6  - 008 . 0 10 
( d )  C,/o versus C /a a t  p = 0 .30 .  
Figure 7.- Continued. 
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. OE 
.06 
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deg 
S' 
0 -6 
tl -10 
b -12 
A -8 
-. 016 -. 012 - .008 -. 004 0 .004 
cD/a 
(e) CL/o versus C,/o at p = 0.35. 
Figure 7.-  Continued. 
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(f) C,/O versus c o at p = 0.35. 
Figure 7.- Concluded. 
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.1; 
.1c  
.oa 
CL/G .06 
.04  
.02 
0 - I I .2 -. 008 - .004 
CD/G 
I 
-004 
(a) CL/b versus C,/a a t  p = 0.20. 
Figure 8.- Basic rotor experimental data swept, tapered tip. 
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(b) %/a versus C u a t  p = 0.20. 
Figure 8.- Continued. 
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cL/o .06 
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.02 
0 -. 016 -. 012 -. 008 - .004 0 .004 
CD/O 
(c) CL/b versus CD/u at p = 0 . 3 0 .  
Figure 8.- Continued. 
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( d l  C,/o versus C a at p = 0 .30 .  
Figure 8.-  Continued. 
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( e )  CL/o versus CD/o a t  p = 0 .35 .  
Figure 8.-  Continued. 
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Figure 8.- Concluded. 
d 
33 
.1; 
.1( 
f OE 
c p  . O E  
.04 
.02 
0 - - 2 - .008 - .004 
I 
.004 
34 
.12 
-10 
.08 
CL/O -06 
.04 
.02 
I I I I J 
.002 .004 .006 .008 .OlO 
(b) CL/o versus C Q at p = 0 . 2 0 .  
Figure 9.- Continued. 
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Figure 9.- Concluded. 
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Figure 10.- Basic rotor experimental data for  double-swept t i p  with anhedral. 
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Figure 11.- Experimental rotor performance. 
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Figure 12.- Torsional moment at r/R = 0.81 (azimuthal distribution). 
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Figure 14.- Calculated angle of attack on advancing side for  baseline tip. 
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